Abstract-The sheet resistance of very thin conductors is commonly taken as R = 1/at. We show that the sheet impedance, defined as the ratio of the tangential electric field at the surface of the conductor to the conduction current per unit length in the conductor, depends on the field distribution.
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Abstract-The sheet resistance of very thin conductors is commonly taken as R = 1/at. We show that the sheet impedance, defined as the ratio of the tangential electric field at the surface of the conductor to the conduction current per unit length in the conductor, depends on the field distribution.
The LSE (TE-to-y) and ,LSM (TM-to-y) modes used in the spectral domain immittance approach have sheet impedance which are dktinct for vanishingly small or latge values of the wavenumber v in the medkm surrounding a thh conductor.
In the limit -y~O and t/6 << 1, Zjy approaches R = 1 /ut while Z~~M s 2/et. In the timit v -i m and t/r5 << 1, Z~~E approaches R = 2/crt and Z~~M approaches R = 1/at. When t/8 >> 1, the sheetimpedance approaches the surface impedance Z. = (1 + j) /u6 and is independent of the field distribution.
I. INTRODUCTION
Recently there has been a rising interest in the concept of surface impedance of thin conducting layers. This concept has been used to account for metallic losses in planar circuits at microwave frequencies where the skin effect plays a major role, The convenience of the approach using the surface impedance resides in the simplicity in including the boundary conditions [1 ]- [5] . In fact, it allows one to avoid solving the problem in numerous subregions, which can be numerically intensive. The method has, however, its shortcomings. In addition to being approximate, a problem arises when the thickness of the conducting strip is much smaller than the skin depth in the material. The situation where the thickness is much larger (4 times, say) than the skin depth is well handled using a surface impedance given by (la) where u is the bulk conductivity of the material and 6 the skin depth (lb)
As the thickness t of the conducting layer is decreased, Z. is replaced by the sheet resistance R, which reflects the fact that the cross section is the dominant property, hence leading to the singular dependence [1] R=;.
However, this expression neglects the dependence of the sheet resistance on the field distribution and the remaining characteristics of the structure. Therefore, in this paper, we propose to show that the sheet impedance, which we define as the ratio of the tangential component of the electric field at the surface of the conductor to the conduction current per unit length, namelỹ =qy=o) J
(cf., Fig. 1 ) depends on the field distribution. The LSE-and LSMmode sheet impedances depend on the spatiaJ variation, in the Manuscript received June 11, 1995 : revised February 15, 1996 .
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Publisher Item Identifier S 0018-9480(96)03791-X. The analysis focuses on the LSE and LSM modes because of their importance in the spectral domain immittance approach.
Since the surface im % ante Zs, which is usually defined as the ratio of the tangential elec "c an$ magnetic fields of the conductor, also shows a dependence 'on th@ field distribution and the medium surrounding the conductor, especl~ly for thin conductors, we adopted the term sheet impedance Z.sh in this paper to distinguish between the two quantities which coincide only for thick conductors. In order to clarify the difference between the two terms, consider a conductor of thickness t and conductivity a on top of a thick conductor of conductivity al. According to [6, p. 300], the surface impedance Z, is found as
cosh ( 
The notation Z,k is used to emphasize the fact that it is equal to the ratio of the tangential electric field to the conduction current per unit length in the conductor. From this last equation it can be seen that, in the limit t/6 << 1, the sheet impedance indeed depends on t according to (3).
It is also worth emphasizing that the derivation of (4) assumes no spatial variation of the fields in the plane parallel to the conducting sheet. We will show that our expressions for the sheet impedance reduce to (7) under these conditions. In [8, p. 154] it is mentioned that (7) is a good approximation as long as the wave impedance of the medium under the conductor is much larger that the intrinsic impedance of the conductor. The conditions approximation holds are examined in this paper. In the spectral domain approach, the tangential electric field at the conductor-dielectric interface is related to the current density through the Green's impedance dyadics [9] , [10] . In applying the method of moments (Galerkin method), itisnecessary to establish an additional relationship, in the metallized region, between the current in the conductor and the tangential electric field [11] . Such a relationship should reflect Ohm's law and states that the current is, indeed, a conduction current and is related to the electric field by J = oE. 
c where z, is the intrinsic impedance of the conductor. z. = ( 1 +j )/uti. 
Combining (18 ) and (19) (Fig. 1) .
III. RESULTS AND DISCUSSION
As mentioned in the introduction, [8, p. 154] states that (7) gives a good approximation to the sheet impedance when the wave impedance 1/ 1'1 is much larger than the intrinsic impedance of the conductor ZC. That (20) and (21) both reduce to (7) can be seen straightforwardly by taking Y1 ZC~O.
Both (20) and (21) give a sheet impedance which approaches the usual surface impedance in the limit of a thick conductor regardless of the value of 1'1. A thick enough conductor attenuates the incident wave such that no reflections between its surfaces take place.
Of more importance and interest, however, is the dependence of the sheet impedance on the thickness of thin conductors. In the limit t + O, the sheet impedance approaches the sheet resistance 
In other words, the LSM modes have a sheet resistance equal to twice that of the LSE modes when the conductor's thickness is much smaller than the penetration depth and~1 approaches zero.
The order is reversed when -yl is large where YILSM approaches zero and YILSE is large. In this case the following relations hold
and .Z::E + :,~,+m, t-+o.
Now it is the LSE sheet impedance which is twice the sheet resistance.
When the thickness is comparable to the penetration depth, the sheet impedance of the two sets of modes are still different. In order to compare the sheet impedances, as given by (20) and (21), to both the sheet resistance R = l/crt and the surface resistance R, = 1/ u6, we plot the ratios Zsh /R and Zsh /R, as a function of t/6. Fig. 3 shows the real and imaginary parts of these ratios for a low value (unity) of the parameter a defined in (11) . Although the case a = 1 is a partictrlm case,the following results hold for values of a which are close enough to unity such that 71 approaches zero. The conductor is assumed copper with a = 5.88(107) S/m. It is clearly seen that the real part of the LSE-mode sheet impedance normalized to R, approaches unity for a thick conductor and is much larger than unity for small values of t/8. The same behavior is observed for the ratio of the real part of Z~~M to R,, and the factor of two between Z~~M and Z~~E, in the region of small values oft/6, is obvious. The corresponding imaginary parts are plotted in solid lines. They vanish in the limit of thin conductors and approach unity for t/6 larger than about 2. However, the ratio of the imaginary part of Z~~M to R, approaches unity faster than that of Z~$E to R,. It is interesting to note that the inductance of the LSM mode is consistently larger than that of the LSE mode except for thick or very thin conductors. The dotted lines represent the ratio of the real part of Z}$E and Z!~M to the sheet resistance R. For values oft/6 smaller than about 1, these ratios are practically constant. Again, note the factor of two between these curves for small values of t/6. The ratio of the real part of Z~~M to R equals two times that of Z~~E to R. that it is now the LSE-mode sheet impedance that leads that of the LSM mode by a factor of two for small t/8. Moreover, the sheet inductance of the LSE mode is now consistently larger than that of the LSM mode as evidenced by the solid lines in Fig. 4 . Therefore, It is also interesting to note that the sheet resistance and surface Impedance are usually derived for a field distribution which depends only on the coordinate normal to the plane, i.e., only on y. In the present analysis, this corresponds to the specific case where a = O.
Indeed, only under these conditions, the two sheet impedances of the two modes are equal for all values of the thickness as shown in Fig. 5 .
IV. CONCLUSION
This paper presents a detailed study of the concept of sheet impedance, defined as the ratio of the tangential electric field at the surface of a conductor to the conduction current per unit length it carries. We report that the sheet resistance depends on the field distribution in the structure. In the limit of thin conductors, the sheet impedance of a LSM mode is twice that of a LSE mode when the field varies slowly in the directton normal to the conductor (u~1). When the fields vary rapidly in the same direction. the sheet impedance of a LSE mode is twice that of a LSM mode when the conductor is very thin (f /fi << 1). In the limit of thick conductors the sheet impedance approaches ( 1 + j )/u 6 and is independent of the field distribution.
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